Accruing evidence indicates that the levels of extracellular Mg2+ and Ca2+ can have a distinct impact on the adhesive and migratory activities of many cell types. The physiological relevance of these observations, however, has remained largely unexplored. In the present study, wound fluids collected throughout the early stages of cutaneous wound repair were examined for possible Mg2" and Ca2+ fluctuations. Early in the process, when cell migration into the wound site is initiated, Mg2+ is elevated and Ca2+ is reduced (Mg2+ :Ca2+ = 1). As wound healing progresses, wound fluid concentrations of Mg2+ and Ca2+ begin to return to normal plasma levels (Mg2+ :Ca2+ = 0.4). When macrophages, keratinocytes, fibroblasts, and endothelial cells were exposed to dialyzed wound fluid, the migration stimulated by undialyzed wound fluid was lost. Addition back to dialyzed wound fluid of 24 h, postinjury concentrations of Mg2+ and Ca2+ restored all migratory stimulus. This observed migration is approximately twofold greater than when normal plasma Mg2+ and Ca2+ concentrations are present. Changes in the levels of Mg2+ and Ca2+ in wound fluid occur during the same period that inflammatory cells, keratinocytes, fibroblasts, and neovasculature have been shown to migrate during wound healing in vivo. Together, these data suggest that the impact of these changes on integrins and E-cadherin may play a direct role in the activation and maintenance of the migratory phenotypes of the cells involved in the wound healing process. (J. Clin. Invest. 1995. 95:227-233.)
Introduction
The process of cutaneous wound healing is a complex and carefully orchestrated cascade of overlapping events that involves changes in extracellular matrix protein composition and cell migration and proliferation in response to numerous cytokines (1) (2) (3) (4) . Crucial to the repair process is the migration of inflammatory cell types such as macrophages and neutrophils and epithelial cells, fibroblasts, and endothelial cells into the wound site over the course of the first 3 d after injury (1) (2) (3) (4) (5) (6) (7) (8) , where they have multiple responsibilities resulting, ultimately, in a healed wound. Integrins, the family of heterodimeric transmembrane receptors present on the cell surface are responsible for mediating much of the interaction of these cells with the extracellular matrix (9) (10) (11) (12) .
Integrins require divalent cations, such as Mg 2+ and Ca 2+, to function (13) (14) (15) (16) . The integrin a subunits contain the putative EF hand cation-binding domains thought to be responsible for much of the cation binding capacity of integrins (17, 18) . We have demonstrated with two Arg-Gly-Asp (RGD)-dependent integrins, a,/31 (19, 20) , and avl3 (21) (18) .
Recently, we reported that the Mg2+-dependent, a2,l-mediated adhesion and migration of human fibroblasts on type I collagen substrates could be inhibited by elevated extracellular Ca2+. We observed, however, that migration could be enhanced twofold over that seen in Mg2+ alone by providing the two divalent cations in combination with a Mg2+ to Ca 2+ ratio slightly higher than one (22) . Keratinocytes are also important in the cutaneous wound repair process, and the concentrations of extracellular Mg2+ and Ca2' have been observed to affect their a2,l81-mediated migration on type I collagen in a similar fashion.' In addition to integrins, keratinocytes express another Ca2+-dependent molecule responsible for cell-cell adhesion, E-cadherin (for reviews see references 23 and 24) . In the presence of Ca2+, E-cadherin resides principally in the areas of cellcell contacts. In reduced Ca2+, however, E-cadherin becomes susceptible to proteolytic cleavage and rapidly loses function, eventually disappearing from the cell surface altogether. Recent studies demonstrate the differential regulation of E-cadherin and the integrin az8, by shifts in the concentrations of extracellular Mg2+ and Ca2+, resulting in an "activated" keratinocyte phenotype.
Under normal physiologic conditions the concentration of intracellular Mg2+ in the typical mammalian cell is reported to be between 15 and 30 mM and that of Ca2+ is only -1-2 mM (25) (26) (27) (28) . On the other hand, extracellular levels of these two cations are about 1.0 and 2.5 mM, respectively (28, 29) . We have speculated, previously, that tissue injury might result in a local increase in the extracellular Mg2+ level and/or a decrease in the extracellular Ca2+ level due to the spill of Mg2+ from damaged tissue and the sequestration of Ca2+ by several possible molecular events including the Ca2+-dependent coagulation cascade (30) (31) (32) . The migratory phenotype of cells involved in wound healing might be supported in the local wound environment and in adjacent surrounding tissue by this diffusible gradient of altered divalent cations. After the required cells have arrived at the injury site, the extracellular levels of these two cations would be normalized, and the potential for cells to migrate might again be reduced.
In the present study we have examined this hypothesis by measuring the total extracellular Mg2" and Ca2" levels in porcine and rat wound fluids during the early phase of cutaneous injury repair when migration of inflammatory cells, keratinocytes, fibroblasts, and neovasculature into the wound site have been shown to occur in vivo (1) (2) (3) (4) (5) (6) (7) (8) (35) and cultured in DME containing 2 mM L-glutamine, 1 mM Na pyruvate, 50 U/ml penicillin, 50 Mg/ml streptomycin, 20% FCS, and 30% L-cell conditioned medium (as a source of macrophage colony stimulating factor) (35) on nontissue culture plastic in a humidified 5% CO2 atmosphere. Cell migration assays. Migration assays were conducted using the modified Boyden chamber as described (36) . Briefly, the chamber consists of two compartments separated by a filter, and migration is measured by counting the number of cells crossing the membrane through pores of defined size. Lower chambers were filled with dialyzed or undialyzed wound fluid collected 24 h after injury. Various CaCl2 or MgCl2 concentrations were then added as indicated. 5-10-sm pore polycarbonate membrane filters (Poretics Corp., Livermore, CA) that had been previously coated with 25 Mg/ml bovine type I collagen or 10 jig/ml bovine fibrinogen were then placed on top of the lower chambers, and the upper chambers were secured in place. Upper chambers were filled with medium containing 5.0 X 104 HaCaT keratinocytes, 3.0 x 104 WI38 fibroblasts, 3.0 x 104 human umbilical vein endothelial cells, or 5.0 x I0O bone marrow-derived murine macrophages per chamber using Ca2", Mg2", and P04-free DME supplemented with Ca2"
and Mg 2+ concentrations consistent with the lower chambers, plus 100 Mg/ml BSA. The entire apparatus was then incubated for 4 h at 37°C.
After the incubation period, the upper chamber was removed and the filter was fixed in 3% paraformaldehyde in PBS and stained with 0.5% toluidine blue and 3.7% formaldehyde in PBS. Excess Ca2" in vitro ( 13, 22, (36) (37) (38) (39) (40) ,' experiments were conducted to measure the levels of extracellular Mg2" and Ca2" in an in vivo setting known to involve these cells and these integrinextracellular matrix interactions, i.e., the early stages of cutaneous injury repair (1-8, 33, 34) . We observed that the Mg2" concentration in porcine wound fluid from partial-thickness excisional wounds was increased from 0.96 to 1.43 mM immediately after wounding, while the Ca2+ concentration was reduced from 2.53 mM to 1.59 mM (Fig. 1 A) . This represents a shift in the Mg2+ to Ca2' ratio from 0.38 to 0.90 (Fig. 1 B) . The existing data correlating cell migration activity with extracellular ratios of Mg2+ to Ca2+ indicate that the shift in divalent cation concentrations observed in this wound fluid is sufficient to support nearly maximal migratory activity of human WI38 fibroblasts, HaCaT keratinocytes and capillary endothelial cells (18, 36) .' To confirm that the observed cation concentrations in this early wound fluid were altered as a consequence of wounding, time course studies were conducted. Using partialthickness burn (Fig. 2, A (Fig. 3, A and B ) models in the rat for wound fluid collection, we found that the Mg2" to Ca2" ratio observed in porcine wound fluid immediately after injury was maintained in these two models through at least 24 h, with values ranging between 0.85 and 0.98. The levels of the two cations overall were somewhat lower in the rat models than those observed in the porcine model, with concentrations ranging between 0.89 and 1.3 mM. As wound healing progressed (48 h), the levels of the two cations appear to begin to return to those normally found in plasma. At the indicated time-points of the full-thickness/PVA sponge rat experiments, plasma was also collected. It was determined that the plasma levels of Mg2' and Ca2+ were not significantly different from those measured in plasma before injury (not shown).
The altered concentrations of Mg2' and Ca2+ found in wound fluid 24 h after injury promotes maximal macrophage, keratinocyte, fibroblast, and endothelial cell migration. During cutaneous injury repair in vivo, the inflammatory cell types macrophages and neutrophils arrive at the wound site together within hours after injury ( 1-4). Keratinocytes have also been shown to become activated within hours after injury and to migrate measureably within the first 24 h after injury (1) (2) (3) (4) (5) (6) (7) (8) . to migrate into the wound site from surrounding tissue between 1 and 3 d after injury where they begin the process of granulation tissue formation (1) (2) (3) (4) (5) (6) (7) (8) . Fibrin(ogen) is a major component of the initial clot (1-4). It has been previously demonstrated that the 162 integrin Mac-1 mediates the binding of macrophages and neutrophils to fibrinogen (37, (41) (42) (43) (44) (45) (46) (47) (48) . It has also been demonstrated that /2 integrin adhesive function is Mg2+-dependent and inhibited by Ca2+ similar to a2,31 (13, 39) . If the epithelial basement membrane is disrupted, keratinocytes are directly exposed to type I collagen in the underlying interstitium. Fibroblasts and neovasculature migrating into the wound site from surrounding tissue would likely do so, at least in part, on type I collagen. Additionally, type I collagen is the major newly synthesized protein during cutaneous injury repair extensively against cation-free tris-buffered saline. The dialysis tubing had a molecular weight cut-off of 6-8 kD. We (Fig. 4, A-D) . Some migration was observed in the wells containing normal plasma levels of Mg2+ and Ca2 , but the activity was about half that observed with wound fluid cation levels observed 24 h after injury. Essentially all adhesive and, consequently, migratory activity was lost for all four cell types when dialyzed wound fluid was used with no added divalent cations. 
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. It has been previously demonstrated that the a21I integrin, whose divalent cation dependent nature has been well documented, is present on these keratinocytes, fibroblasts and endothelial cells in vivo during wound healing, and that this integrin mediates the migration of these cells on type I collagen (5, 6, 22, 33, 38) .
To test the effect of the shifted divalent cation concentrations found in wound fluid on migration of these important wound healing cell types, wound fluid collected from individual sponges in the full-thickness/PVA sponge rat model 24 h after injury was divided into two aliquots. One aliquot was dialyzed We demonstrate that during the early stages of cutaneous injury the concentrations of extracellular Mg2" and Ca2" in porcine and rat wound fluids are significantly different from those observed in normal extracellular fluid. Specifically, Mg2" is elevated and Ca2" is reduced. This early wound fluid, after dialysis against divalent cation-free Tris-buffered saline, is essentially unable to promote the adhesion, and consequently, the migration of macrophages on fibrinogen, or keratinocytes, fibroblasts and endothelial cells on type I collagen. With the addition of Mg2" and Ca2" to the dialyzed wound fluid in the concentrations observed in wound fluid obtained 24 h after injury, however, all migration-promoting activity is restored. This represents a nearly twofold increase in migration over that observed in response to dialyzed wound fluid supplemented with normal plasma levels of the two cations.
During the initial acute inflammatory response to injury platelets become activated for aggregation and secretion responses. It is well established that type I collagen promotes platelet aggregation and that the a2j31 integrin present on platelets responds to Mg2' and Ca2+ in adhesion studies similar to fibroblasts (49) . Interestingly, addition of Mg2, to platelets gelfiltered in the absence of Mg2' and Ca2+ promotes optimal aggregation and secretion responses while Ca2+ promotes disaggregation (50, 51 ). It is possible that an initial burst of Mg2+ provided by damaged cells, which contain intracellular Mg2+ concentrations in excess of 15 mM (25) (26) (27) (28) , and exposure to type I collagen could collectively induce the aggregation response. Macrophages and neutrophils also become activated during this phase, extravasating through the blood vessel wall, surrounding tissue and into the wound site. This activation is characterized by a conformational change in 12 integrins that renders them functional for ligand binding (9) (10) (11) (12) . It is interesting that this conformational change has been shown to be Mg2+-dependent (13, 39, 40) . These data are in agreement with our macrophage results which demonstrate enhanced ,62 integrinmediated migration on fibrinogen when Mg2+ is increased and Ca2+ is reduced.
Also occurring during the middle of the inflammatory response, by 24 h after injury, keratinocytes also become "activated" and measurable migration is observed (1-6, 52-57). How this "activation" process occurs has not been clearly de- x200.
signal to do so must originate at the injury site. Additionally, Clark (57) , observed that keratinocytes some distance from the actual wound also become activated and suggests that some diffusable wound factor must be present. Our data would suggest that the diffusible factor/signal is, at least in part, the shift in the levels of extracellular Mg2" and Ca2" set up locally from the wound site.
Fibroblasts and endothelial cells, other important cell types involved in wound healing, have been shown to begin arriving at the wound site between 1 and 3 d after wounding, marking the beginning of the second phase of wound healing, granulation tissue formation (1) (2) (3) (4) (5) (6) (7) (8) . To begin arriving from surrounding tissue by 1-3 d after injury they must also begin migrating in from surrounding tissue during the initial inflammatory phase of wound repair. The diffusible divalent cation gradient set up in the area surrounding the actual wound could provide the stimulus for these cell types to react to chemotactic factors released into the wound, resulting in migration into the wound site.
In vitro studies with fibroblasts and keratinocytes indicate increasing migration as the Mg2" to Ca2" ratio approaches one (22) . (59) (60) (61) (62) (63) (64) (65) (66) (67) . There has been intense interest in the role of growth factors in the regulation of these cellular responses. Several have been found in wound fluid various times during wound healing and shown to stimulate or inhibit cell proliferation and/or migration, including platelet-derived growth factor, epidermal growth factor, macrophage-derived growth factor, transforming growth factor-beta, insulin-like growth factor-1, interleukins, an angiogenesis factor, migration stimulating factor, and fibroblast growth factor (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) . Their precise mechanisms of action have not been elucidated. In addition to increased protein phosphorylation (78) , which is Mg 2+ dependent (79), and alterations in the actin cytoskeleton (80) , which has been shown to be differentially affected by Mg2' and Ca2+ (81) 84) and could participate in the regulation of divalent cation concentrations. Despite the presence of these growth factors in wound fluid, however, our data demonstrate that the presence and concentrations of Mg2" and Ca2" can account for the increased ability of cells to migrate. Similar increases in migration have been reported using altered concentrations of Mg2" and Ca2" with platelet-derived growth factor alone or fetal calf serum (22, 35) .' It may be that the growth factors found in wound fluid and fetal calf serum provide directional signalling for cell movement. The alterations in the concentrations of extracellular Mg2+ and Ca2+ may act in conjunction with growth factors by creating conditions that favor increased and directed migration.
Chronic wound fluid from venous stasis and to a lesser degree, diabetic ulcers show significant breakdown of fibronectin and vitronectin along with increased metalloprotease activity (85, 86). The concentrations of Ca2' and Mg2+ in these wound fluids were not measured, however. Interestingly, Sank et al. (87) , demonstrated in a guinea pig model that increasing the Ca2+ concentration at the wound site resulted in increased collagenase activity and poor wound closure characteristic of a chronic wound. It is possible that the Mg2+ and Ca2+ concentrations in a chronic wound are not optimal for proper wound healing. The resultant increase in protease activity and inhibition of integrin-extracellular matrix interactions could easily lead to a chronic situation.
In conclusion, local shifts in the concentrations of extracellular Mg2+ and Ca2+ appear to occur during wound healing, impacting the function of divalent cation-dependent cell surface molecules responsible for cell-cell and cell-extracellular matrix interactions. The altered function of these molecules in response to these divalent cation fluctuations can account for the ability of cells to migrate toward the site of a wound. It may be important therefore to consider the divalent cation concentrations when assessing conditions such as chronic wounds.
